catalysed by isoenzymes of cytochrome P-450, the terminal oxidase of the microsomal mono-oxygenase system. The activation of the halogenated compounds, which is a prerequisite for their hepatotoxicity, takes place at the haem moiety of these cytochromes, the site where normally 0, becomes activated during the mono-oxygenase cycle. Because of the common activation site, there is a competition between 0, and the halogenated compounds and, hence, the activation takes place at maximal rate under anaerobic conditions.
Hypoxia and cell injury
Hypoxia can be defined as a condition of subnormal PO, that causes deviations of cell functions from their normal values. Therefore, the classification of a PO, as hypoxic depends on the function one is looking at and on the PO, which is considered as normal. Concerning cytochrome oxidase function of the liver cell, a pOz below 5 mmHg must be defined as hypoxic. In fact. the impairment of ATP formation observed at thosepO? is considered the triggering factor for cell death due to hypoxia. It is hypothesized that the disturbance of cellular ion homoeostasis, especially an increase in cytosolic Ca2+ concentration and the subsequent activation of phospholipases, are further steps on the way to cell death ( Fig. 2 ; for a recent review see also Hochachka, 1986) .
As can already be concluded from their activation mechanism, hypoxia should markedly enhance the hepatotoxicity of halogenated alkanes such as CCI,. Actually, the role of hypoxia in their hepatotoxicity is even more complex. In experiments with isolated hepatocytes CC1,-induced loss of cell viability only occurred when the incubations were performed at steady state pOz above OmmHg but below 60mmHg (data not shown). This complex 0, dependence can be explained by the assumption that CCI, liver cell injury is mediated by lipid peroxidation initiated by interaction of CC1,-derived radicals with unsaturated fatty acids of membrane phospholipids. While the rate of formation of haloalkane-derived radicals increases with decreasing pOz the rate of the 0,-dependent process of lipid peroxidation increases with increasing PO, (for more detailed information, see de Groot & Noll, 1984; No11 & de Groot, 1984) . The overall process of haloalkane-induced lipid peroxidation proceeds at an especially high rate at PO, between 0.5 and 10 mmHg (Fig. 1) . Notably, these are the PO, which are to be expected to occur in the centrolobular region of the liver lobule, the area where liver cells necrosis is most prominent after CCI, poisoning. Since also in haloalkane liver cell injury an increase of the cytosolic Ca2+ concentration may play a decisive role, the further steps in the direction to cell death may be similar as already described for the cell death caused by 0, limitation of the cytochrome oxidase function (Fig. 2) .
Introduction
The liver is a centre of metabolism involved in many functions such as the maintenance of glucose homoeostasis, ammonia elimination and urea production, or ketone body synthesis. The organ is both a site of degradation and of synthesis of hormones and mediators. Finally, it is an active and passive blood reservoir. The liver is innervated by sympathetic and parasympathetic nerves, which enter the organ as a ramification around both the hepatic artery and the portal vein (Forssmann & Ito, 1977; Lautt, 1980) . In intact animals preganglionic stimulation of the splanchnic nerve or postganglionic stimulation of the hepatic nerves has been shown to increase blood glucose in dog, cat, rabbit, sheep, pig and man, and to reduce hepatic oxygen uptake and blood flow. Preganglionic stimulation of the left vagus at the neck has been found to increase hepatic glycogen deposition in the rabbit and to re-open previously closed sinusoids in the rat, and in chemically sympathectomized cats stimulation of the hepatic nerves was shown to reduce glucose output by the liver (Shimazu, 1983; Lautt, 1983) . Since studies in animals in vivo are very complex, an attempt was made to investigate the effects of hepatic nerves in the less complex system in vitro of the isolated perfused liver. The following short overview will report first the metabolic and haemodynamic effects, then the mechanisms of action and, finally, the physiological functions of the hepatic nerves as studied in the isolated perfused liver.
Experimental
Livers of rat, guinea pig and tupaia were perfused normally in situ as usual via the portal vein, only, with a bipolar platinum electrode placed jointly around the hepatic artery and the portal vein in the liver hilus (Hartmann et al., 1982) . More recently rat liver was perfused both via the hepatic artery (120mmHg, approx. 30% flow) and the portal vein (1 0 mmHg, approx. 70% flow) with electrodes placed jointly around both vessels in the hilus or separately around the common hepatic artery or the portal (mesenteric) vein (Gardemann et al., 19863) . In some experiments the liver was perfused extra siturn. The media were not recirculated. The perfusions in situ were operated under constant pressure with physiological total flow rates of about 2ml/min per g using a Krebs-Henseleit buffer containing 25-30% bovine erythrocytes and the substrates indicated. The perfusions extra situm were operated with constant flow of about 4ml/min per g enforced by a perfusion pump using the I987 Table I . Efiects ofperivusculur nerve siimulation on metabolism, haemodynamics and norudrenuline overflow in perjused livers ofrut, guinea pig and tupuiu Portal perfusion in the orthograde (0) or retrograde (R) direction with erythrocyte-containing ( I ) or erythrocyte-free (2) mcdia containing 5 mM-gluCoSe, 2 rnhl-lactate, 0.2 mwpyruvate and, when indicated, 0.2 mM-ammOnia plus 2 mwornithinc ( Krebs-Henseliet buffer without erythrocytes (Hartmann et ul., 1982; Ji ei ul., 1984) .
Results und discussion
Metuholic efects qf'symputhetic nerves. Both sympathetic and parasympathetic as well as other nerve fibres are activated by perivascular nerve stimulation: normally the sympathetic actions predominated clearly. Thus in the portally perfused rat liver nerve stimulation increased glucose output and shifted lactate uptake to output (Hartmann et ul., 1982) , decreased ketone body production (Beuers et ul., 1986u) , urea and glutamine formation as well as ammonia uptake (Balle & Jungermann, 1986) , lowered oxygen uptake (Ji et al., 1984; Beckh et ul., 1984 Beckh et ul., , 1985 and reduced p-nitrophenol conjugation (Beuers et ul., 19866) ( Table 1 ). All nerve actions were mediated predominantly via a-receptors. The effects were dependent on extracellular Ca2+ (Hartmann et a/., 1982; Beckh et al., 1982) .
The sympathetic nervous regulation of liver carbohydrate metabolism was also studied in the arterially and portally perfused isolated rat liver in order to compare the importance of the arterial and the portal nerve plexus. Single separate stimulation of the arterial plexus at the common hepatic artery caused 2-3-fold greater metabolic effects than stimulation of the portal plexus at the mesenteric vein (Fig. I) .
The effects after single separate stimulation were additive to those seen after simultaneous separate stimulation (not shown), which in turn were the same as after joint stimulation of both plexus in the liver hilus (Fig. I) . The sympathetic actions on glucose and lactate balance both in the portally (Sannemann et ul., 1986) and in the arterially and portally (Gardemann et al., 19866) perfused liver were halfmaximal at a frequency of around 5 Hz, which is within the physiological range of frequencies of up to 20 Hz (Niijima, 1979) .
These studies in vitro corroborate previous investigations in vivo (see the Introduction) and a study in vitro with portally perfused mouse liver (Seydoux et (11.. 1979) . which had also indicated that stimulation of the hepatic sympathetic nerves increased glucose release. They extend previous knowledge by showing that sympathetic liver nerves can regulate the metabolism of ketone bodies, urea. glutamine and ammonia as well as xenobiotics. and by comparing for the first time the functional importance of the arterial and the portal nerve plexus. In the earlier studies in vivo only the arterial and not the portal plexus was stimulated. The isolated perfused liver also allowed us to study directly interactions of the hormonal and nervous system (Beckh et al., 1982h) . In the presence of glucagon levels, which enhanced glucose output and lactate uptake only submaximally, nerve stimulation increased the hormone-mediated enhancement of glucose release further but decreased the hormone-stimulated lactate uptake. In the presence of insulin, which under euglycaemic conditions had no effect by itself, the nerve-dependent increase of glucose output was decreased to about 30% and that of lactate output only slightly to about 75%.
Metabolic effects of parasympathetic. nerves. Parasympathetic stimulation (perivascular stimulation in the presence of the a-blocker phentolamine and the []-blocker propranolol) had no influence on basal glucose metabolism neither under euglycaemic nor under hyperglycaemic conditions. In the presence of insulin, which under hyperglycaemic conditions caused a small enhancement of glucose utilization, parasympathetic stimulation led to a further increase of glucose uptake. In the presence of glucagon, which also under hyperglycaemic conditions stimulated glucose release, parasympathetic stimulation antagonized the glucagon-stimulated glucose output. This nerve effect was prevented by the parasympathetic antogonist atropine and could be mimicked by acetylcholine. Also insulin could antagonize the glucagon-stimulated glucose release; para- Arterial-portal perfusion with standard erythrocyte-containing media (see Table I ). sympathetic nerve stimulation in the presence of insulin was even more effective than either stimulus alone (Gardemann & Jungermann, 1986) . These results in vitro on the action of the parasympathetic hepatic nerves are in line with earlier studies in vivo (see the Introduction); they extend previous knowledge by providing direct evidence for complex mutual modulations of parasympathetic nerves and pancreatic hormones.
HaemoJvnamic eflects of sympathetic nerves. In livers perfused via the portal vein only nerve stimulation reduced total perfusion flow (Hartmann et al., 1982) (Table 1) . In livers perfused via both the artery and the portal vein, stimulation of the arterial plexus caused a drastic decrease of arterial and 'transhepaticly' also of portal flow; conversely, stimulation of the portal plexus led to a less pronounced decrease of portal and again 'transhepaticly' also of arterial flow (Fig. I ) . The sum of the haemodynamic effects of single separate stimulations was greater than the effects of simultaneous separate (not shown) or joint stimulation (Fig. I) .
The haemodynamic alterations observed are in line with changes seen in earlier work in vivo; in addition, they demonstrate complex non-additive and 'transhepatic' actions of the arterial and portal nerve plexus. 'Transhepatic' effects had been seen before upon the application of, for example, a-and P-agonists (Richardson & Withrington, 1982; Withrington & Richardson, 1986) .
Sympathetic nerve stimulation not only altered perfusion flow but also the intrahepatic distribution of the perfusate, which could be visualized by Trypan Blue infusion. Both at Vol. 15 the surface and in cross-sections well perfused and poorly or non-perfused areas became visible 20 s after nerve stimulation (Ji et al., 1984; Beckh et al., 1985) . A redistribution of flow upon nerve stimulation has been detected previously using X-ray angiography (Daniel & Prichard, 1951) and heat conduction measurements (Ungvary & Varga, 1971) ; it was, however, not seen in a study using radiolabelled microspheres (Greenway & Oshiro, 1972) .
A deeper insight into the function of the microcirculatory changes upon nerve stimulation was provided by the observation that in periportal areas at the liver surface the oxygen tension decreased immediately, while in contrast in the perivenous zone it first increased sharply and then fell to low values (Ji et al., 1984; Beckh et al., 1985) . The transient rise of the perivenous PO, was probably caused by oxygen-rich perfusate, which was squeezed out by the blood reservoir 'liver from the periportal through the perivenous zone. A nerve stimulation-dependent constriction of the sinusoids has been observed before (Reilly et al., 1981) . The haemodynamic changes occurred within the physiological frequency range of up to 20Hz (Niijima, 1979) with half-maximal effects around 1.5Hz in the portally (Sannemann et al., 1986) and around 6 Hz in the arterially and portally (Gardemann et a [., 19866) perfused liver.
Mechanism of metabolic actions of sympathetic nerves. Stimulation of the arterial and portal nerve plexus can be expected to lead to a release of noradrenaline from sympathetic nerve endings into the 'synaptic' cleft, in which the signal will disappear again due to re-uptake into neurons or liver cells and due to overflow into the sinusoids. Indeed, noradrenaline overflow into the hepatic vein was observed with a peak 1 min after nerve stimulation (Beckh et af., 1982~) (Table I) . Based on this finding and on previous anatomical descriptions of liver innervation four modes for the extrahepatocellular action of hepatic sympathetic nerves were proposed (Hartmann et al., 1982) . The nerves may act directly at almost all parenchymal cells or only at a few periportal cells, from which the signal might be propagated via gap junctions, or indirectly via an overflow of neurotransmitter from the vasculature into the sinusoids or only via haemodynamic changes.
If alterations of flow were prevented by infusing the smooth muscle relaxant sodium nitroprusside, nerve stimulation still caused significant effects on glucose, lactate and ketone body release as well as on p-nitrophenol conjugation, but no longer on urea, glutamine and ammonia exchange (Hartmann et al., 1982; Beuers et af., 1986a,b; Balle & Jungermann, 1986) . Thus haemodynamic alterations cannot be a major mechanism for the sympathetic nerve effects on glucose, lactate and ketone body release and on conjugation reactions, but only for the actions on the metabolism of nitrogenous compounds. During retrograde perfusion, when neurotransmitter overflow from the vasculature cannot reach the parenchyma, nerve stimulation caused similar changes in glucose and lactate output as during orthograde perfusion (Table I ). Thus neurotransmitter release from the vessels into the blood stream cannot play a major role in the mechanism of action of hepatic sympathetic nerves on carbohydrate metabolism; rather the nerves appear to act directly within the parenchyma. Since gap junction inhibitors do not appear to be available, the two direct modes of nerve action were studied by comparing rat liver, which was reported to have a few periportal nerve endings and numerous gap junctions, with guinea pig and tupaia livers, which were shown to have many nerve-hepatocyte contacts (Forssmann & Ito, 1977) . In the portally perfused liver of the three species nerve stimulation caused comparable metabolic effects; yet in guinea pig and tupaia nerve stimulation led to a drastically increased noradrenaline overflow as compared with rat ( Table 1 ). The differences in neurotransmitter overflow are in excellent accord with the proposal that in rat the sympathetic nerves probably act via a few periportal contacts combined with electrotonic coupling through gap junctions, while in guinea pig and tupaia they control metabolism via contacts with almost every parenchymal cell.
Finally, the hepatocellular action of sympathetic nerves was compared with that of glucagon. The action was similar in that both caused an enhancement of glucose output; it differed in that nerve stimulation caused an increase of lactate release and glucagon an increase of lactate uptake. Both nerve stimulation and glucagon caused an increase in the activity of glycogen phosphorylase and a decrease of glycogen synthase. Nerve stimulation left the activity of pyruvate kinase unaltered and only slightly enhanced fructose 2,6-bisphosphate and cyclic AMP while glucagon clearly lowered the activity of pyruvate kinase and the level of fructose 2,6-bisphosphate and strongly increased cyclic AMP. The differences in nerve and glucagon action on pyruvate kinase and on fructose 2,6-bisphosphate are in line with the differences in action on lactate metabolism. The activation of phosphorylase and thus of glucose and lactate output upon sympathetic nerve stimulation cannot be explained by the minor increase of the cyclic AMP level. It is therefore proposed that sympathetic nerve stimulation activates glucose output via an increase of cytosolic calcium in accord with the observed a-mechanism.
Functions of nerve actions. The liver is both the central organ for the maintenance of the energy supply, mainly by operating as a glucostat and also an active and passive blood reservoir. After a normal meal, the liver takes up a substantial part of the absorbed glucose. Major signals for glucose uptake are a glucose concentration gradient between the portal vein and the hepatic artery (Gardemann et al., 1986a) , increased levels of insulin in the portal vein and an enhanced tone of the parasympathetic liver nerves. During a fast, in exercise or in a general stress situation the liver releases glucose required by the organism. Major signals for an increase of glucose output are falling glucose levels, increased concentrations of glucagon in the portal vein and an increased tone of the sympathetic liver nerves. Finally, the liver has to mobilize blood when needed elsewhere in the organism. A major signal may again be an increased tone of the sympathetic liver nerves.
